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2009.-Characteristics of voltagedependent sodium current recorded from adult rat muscle fibers in loose patch mode were rapidly altered following nearby impalement with a microelectrode. Hyperpolarized shifts in the voltage dependence of activation and fast inactivation occurred within minutes. In addition, the amplitude of the maximal sodium current decreased within 30 min of impalement. Impalement triggered a sustained elevation of intracellular Ca 2ϩ . However, buffering Ca 2ϩ by loading fibers with AM-BAPTA did not affect the hyperpolarized shifts in activation and inactivation, although it did prevent the reduction in current amplitude. Surprisingly, the rise in intracellular Ca 2ϩ occurred even in the absence of extracellular Ca 2ϩ . This result indicated that the injury-induced Ca 2ϩ increase came from an intracellular source, but it was not blocked by an inhibitor of release from the sarcoplasmic reticulum, which suggested involvement of mitochondria. Ca 2ϩ release from mitochondria triggered by carbonyl cyanide 3-chlorophenylhydrazone was sufficient to cause a reduction in sodium current amplitude but had little effect of the voltage dependence of activation and fast inactivation. Our data suggest the effects of muscle injury can be separated into a Ca 2ϩ -dependent reduction in amplitude and a largely Ca 2ϩ -independent shift in activation and fast inactivation. Together, the impalement-induced changes in sodium current reduce the number of sodium channels available to open at the resting potential and may limit further depolarization and thus promote survival of muscle fibers following injury. sodium channels; ion channel gating; calcium IT HAS TRADITIONALLY been thought that the voltage dependence of sodium channel isoforms is a relatively invariant property (18) . The logical extension of this idea is that sodium channel behavior in a given cell type is primarily determined by the sodium channel isoform expressed (14) . However, more recently it has become clear that gating of sodium channels is under intense modulation (5) . Whereas there has been a great deal of work identifying mechanisms that can alter the voltage dependence of sodium channel gating, most of the work has been done in heterologous expression systems in vitro. Little is known about modulation of sodium channel gating in vivo.
We study modulation of gating of Nav1.4 in mature rat muscle ex vivo using the loose patch-clamp recording technique. During our studies of sodium currents, we impale muscle fibers to determine resting potential. Several minutes after muscle fibers are impaled, hyperpolarizing shifts occur in the voltage dependence of sodium current activation and fast inactivation. Large shifts in the voltage dependence of gating of Nav1. 4 have not been reported ex vivo. We characterized the shifts and examined whether elevation of intracellular Ca 2ϩ following injury was the trigger for the hyperpolarized shift in gating of Nav1.4. Our data suggest that injury of muscle fibers ex vivo triggers both Ca 2ϩ -dependent and Ca 2ϩ -independent regulation of the Nav1.4 sodium channel.
MATERIALS AND METHODS
Tissue preparation and perfusion. Female Wistar rats 8 to 10 wk old (220 -250 g body wt) were used for all experiments. Rats were euthanized by carbon dioxide inhalation in accordance with Wright State University laboratory animal care and use committee guidelines. All procedures involving animals were approved by the Wright State LACUC committee. The extensor digitorum longus muscle was dissected tendon to tendon and placed in a recording chamber continuously perfused with normal ringer containing (in mM) 118 NaCl, 3.5 KCl, 1.5 CaCl 2, 0.7 MgSO4, 26.2 NaHCO3, 1.7 NaH2PO4, and 10.8 glucose (pH 7.3-7.4, 20 -22°C) equilibrated with 95% O 2-5% CO2. Except when Fluo4 NW was used for Ca 2ϩ imaging, fibers were labeled with 10 M 4-(4-diethylaminostyrl)-N-methylpyridinium iodide (4-Di-2-ASP) to allow visualization of fibers and with ␣-bungarotoxin to visualize end plates as previously described (29, 30) .
Loose patch-voltage clamp. Loose patch-voltage clamp recordings and analysis were performed as previously described (11, 29, 30) . Briefly, patch electrodes (resistance 0.25 to 0.5 M⍀) were filled with external solution and were slowly pressed against fibers to allow seal formation. Leak current was compensated manually and shunt resistance was measured on-line immediately before the application of each voltage step and used to adjust the step amplitude. To minimize potassium currents, sodium currents were recorded near (within 100 -200 m) muscle fiber end plates.
Fast inactivation was measured by applying 50-ms conditioning prepulses to various holding potentials between Ϫ130 mV and Ϫ40 mV followed by a 10-ms test pulse to Ϫ30 mV to activate sodium current. Measurement of activation was performed using a 50-ms prepulse to Ϫ120 mV to relieve fast inactivation followed by a series of 10-ms test voltage steps from Ϫ80 to 0 mV. For calculation of sodium conductance, the sodium reversal potential was assumed to be ϩ45 mV (1, 34) . During most loose patch recordings, muscle fibers were also impaled with two sharp electrodes (resistance 10 -20 M⍀, filled with 3 M KCl), and the internal potential was voltage clamped to Ϫ80 mV using a two electrode voltage clamp.
Manipulation and measurement of internal Ca 2ϩ concentration. To image changes in intracellular Ca 2ϩ , muscle was loaded with Fluo4 NW (Molecular Probes) in solution supplemented with 2.5 mM Probenecid (Molecular Probes) and 0.1% pluronic F-127 (Molecular Probes) for 30 min at 33°C followed by 30 min at room temperature. Images were captured using an MTI SIT 66 camera and custom software (M. Pinter, Emory University, Atlanta, GA). Images were analyzed for mean pixel intensity using Image Pro software (Media Cybernetics, Bethesda, MD). For each muscle imaged, we manually adjusted the camera settings such that the initial image gave a good signal that was not near saturation. Camera settings were left stable following impalement and repeat imaging was performed. The Fluo-4 calcium signal was followed and was normalized to the initial signal for each fiber. No attempt was made to determine absolute Ca 2ϩ concentration.
Before the experiments, 3-5 muscle fibers were impaled with two electrodes to measure resting potentials and to trigger muscle fiber action potentials by current injection. Muscles were discarded if mean resting potential was more positive than Ϫ75 mV or if increased Fluo4 NW signal was not triggered by muscle fiber action potentials. Sharp electrodes were filled with 3 M KCl and sulforhodamine B (excitation 565 nm, emission 586 nm) to allow visualization with a Leica filter module N2-1. In muscle injected with sulforhodamine, but not loaded with Fluo4 NW, no signal was observed using the Leica filter module I3 used to visualize Fluo4 NW. This indicated the sulforhodamine signal did not cross over to the Fluo4 NW signal (Fluo4 excitation 494 nm, emission 516 nm). To prevent contraction of muscle fibers during action potentials muscles were also loaded with 50 M N-benzyl-p-toluenesulfonamide (BTS) (23) (SigmaAldrich) during loading of Fluo4 NW. In some muscles, fibers were loaded with 10 M AM-BAPTA (Molecular Probes) during loading of Fluo4 NW. Dantrolene was dissolved in DMSO and added to the perfusate at a concentration of 12 M.
In experiments where carbonyl cyanide 3-chlorophenylhydrazone (CCCP) was applied to raise intracellular Ca 2ϩ independent of impalement-induced injury, the amplitude and voltage dependence of sodium current activation and inactivation was measured in four to five muscle fibers before application of CCCP. For the initial loose patch recordings from these fibers, the muscle fibers were not impaled so as not to induce injury, and the resting potential was assumed to be Ϫ80 mV. Images were taken of the Fluo4 NW signal to get a baseline measurement. After recording from the fibers was obtained, 1 M CCCP was added to the perfusate. The fibers were relocated after application of CCCP using the images taken before application of CCCP. Loose patch seals were reformed, sodium currents were measured, an image of the Fluo4 NW signal was taken, and then the fiber was impaled to determine the resting potential. After impalement, the measured resting potential was used to determine the true transpatch voltage for activation and fast inactivation pulse protocols. The voltage dependences of activation and inactivation measured before application of CCCP and impalement were corrected for the difference between the true resting potential and Ϫ80 mV.
Statistical analysis. Boltzman fitting and statistical analysis were performed with Origin software (Origin Lab, Northampton, MA) as previously described (29) . The Student's t-test was used for all comparisons of voltage dependence of gating, changes in Ca 2ϩ signal as measured by Fluo-4 and current amplitudes. Means are Ϯ SE.
RESULTS

Hyperpolarized shifts in activation and fast inactivation following impalement.
To determine the internal potential of muscle fibers during loose patch recordings, it was necessary to impale fibers with a sharp electrode. Fibers were also impaled with a second sharp electrode to allow use of two-electrode voltage clamp of the muscle fiber potential. This improves accuracy of loose patch recordings as it reduces depolarization of the muscle fiber by sodium currents activated via the patch electrode. We were surprised to find impaling and voltage clamping the internal potential of the fiber to Ϫ80 mV with two sharp electrodes induced hyperpolarized shifts in the voltage dependence of both sodium channel activation and fast inactivation. The sodium currents and voltage dependence of activation and fast inactivation for a single patch at various times after impalement and voltage clamp are shown in Fig. 1 . In the example shown the voltage dependence of both activation and fast inactivation underwent hyperpolarized shifts of close to 25 mV during the hour following impalement. To determine whether voltage clamp with two sharp electrodes triggered the hyperpolarized shift, patches were followed in which the fiber was impaled but not voltage clamped. In those patches there was a similar shift in the voltage dependence of activation and fast inactivation (data not shown).
One possible cause of the hyperpolarized shift is the hyperpolarized holding potential applied to the patch during recordings. The sodium currents shown in Fig. 1 were recorded from a patch that was held at a potential of Ϫ110 mV to relieve slow inactivation. It has previously been reported that holding at hyperpolarized potentials induced a hyperpolarized shift in the voltage dependence of sodium channel gating (10, 35) . However, the hyperpolarized shift that we previously reported when A: superimposed sodium current traces evoked by 10-ms pulses ranging from Ϫ80 to Ϫ5 mV. Shown are records from a muscle fiber 0, 30, and 60 min after impalement. Shaded traces, current evoked by a step to Ϫ60 mV. At time 0 no current is evoked. At 30 min the current evoked that is less than half the maximal amplitude. At 60 min the current evoked is near the maximal amplitude. The patch was held at Ϫ110 mV between voltage protocols. Maximal current amplitude was increased 30 min after impalement but was decreased by 60 min. B: superimposed sodium current inactivation records from the same fiber as in A and at the same times following impalement as in A. The currents were evoked by a step to Ϫ30 mV following prepulses ranging from Ϫ130 to Ϫ40 mV. Shaded traces, current evoked following a prepulse to Ϫ80 mV. At time 0 a prepulse to Ϫ80 mV inactivates less than 50% of channels, at 30 min it inactivates over 70% of channels, and by 60 min it inactivates 90% of channels. C: normalized sodium conductance calculated from the currents shown in A with an assumed sodium reversal potential of ϩ45 mV (1, 34) plotted versus membrane potential. The data are fitted with a Boltzman distribution at each time point. There is a 24-mV hyperpolarized shift in the midpoint of activation during the recording. D: normalized current amplitude of the currents shown in B are plotted and fitted with a Boltzman distribution at each time point. There is a 23-mV hyperpolarized shift in the midpoint of inactivation during the recording.
holding at Ϫ110 mV was smaller than the shift we observed after impaling fibers. To determine whether holding at Ϫ110 mV triggered the shifts in gating, sodium currents were recorded from a group of fibers that were impaled, and the transpatch potential was held at Ϫ80 mV (a potential near the resting potential of most muscle fibers). As previously reported, the initial voltage dependence of activation and inactivation were more depolarized when patches were held at a more positive holding potential [ Fig. 2, A and B (10) ]. However, hyperpolarized shifts in the voltage dependence of activation and inactivation occurred following impalement whether the patch was held at Ϫ110 mV or Ϫ80 mV (Fig. 2 , A and B, P Ͻ 0.01 for both Ϫ80 mV and Ϫ110 mV by 15 min). As shown in Fig. 2A , for patches held at Ϫ110 mV the mean midpoint for activation shifted from Ϫ35.3 Ϯ 1.0 mV to Ϫ53.9 Ϯ 1.6 mV in 30 min (n ϭ 8). The mean midpoint of inactivation shifted from Ϫ71.7 Ϯ 1.4 mV to Ϫ86.7 Ϯ 2.1 mV. The means shifts are similar in magnitude to the shifts shown in the example in Fig. 1 where activation shifted by 15 mV at 30 min and inactivation shifted by 12 mV at 30 min. These data suggest the holding potential of the patch does not trigger the hyperpolarized shift in activation and fast inactivation.
To determine whether placement of the patch electrode or impalement with sharp electrodes triggered the hyperpolarized shift, patches were formed on fibers where sharp electrodes were not used to voltage clamp the fibers during recordings. A single sharp electrode (20 to 30 M⍀, filled with 3 M KCl) was briefly inserted into the fiber before formation of a seal to measure the resting potential. The seal was formed after removal of the sharp electrode and sodium current measured for 30 min using the previously measured resting potential as the assumed intracellular potential. At the end of the recording the fiber was reimpaled and the resting potential measured again. If the resting potential had declined by more than 3 mV, the fiber was discarded. In fibers that were not impaled and voltage clamped for the duration of the recording there was no significant shift in the voltage dependence of either activation or fast inactivation (Fig. 3) . For activation the mean midpoint went from Ϫ39.2 Ϯ 1.7 mV to Ϫ40.8 Ϯ 1.9 mV in 30 min (P ϭ 0.54, n ϭ 8). The mean midpoint of inactivation went from Ϫ74.6 Ϯ 1.5 mV to Ϫ75.2 Ϯ 1.4 mV (P ϭ 0.79). It was possible to cause hyperpolarized shifts without impalement if the patch electrode was pushed very firmly against the fiber such that deformation of the fiber was visible (data not shown).
Elevation of intracellular Ca 2ϩ following injury. It was recently reported that elevation of intracellular Ca 2ϩ triggers greater than 30-mV hyperpolarized shifts in the voltage dependence of potassium channel activation in neurons (25, 27) . The mechanism underlying the shifts is calcineurin-dependent dephosphorylation of channels (27) . Phosphorylation of Nav 1.4 sodium channels has been shown to shift the voltage dependence of activation (3, 26) . To determine whether Ca 2ϩ -dependent regulation of Nav 1.4 might underlie the hyperpolarized shift in gating following impalement, we examined whether impalement-induced injury triggered a sustained elevation of intracellular Ca 2ϩ . Muscle fibers were imaged before and at various times following impalement using Fluo4 NW as an indicator of intracellular Ca 2ϩ levels (24) . We found that impalement of fibers with two sharp electrodes caused an immediate increase in Ca 2ϩ at the sites of impalement (Fig. 4A) . At some impalement sites, the increase in intracellular Ca 2ϩ remained localized throughout the 30-min recording. However, at other impalement sites, the increase in intracellular Ca 2ϩ gradually spread throughout the fiber. Both the spatial and temporal rate of spread of the Ca 2ϩ signal were variable as shown in Fig. 4 , A and B. In the example shown in Fig. 4A , the Ca 2ϩ signal at the right electrode remains relatively localized to the site of impalement throughout the recording, whereas the Ca 2ϩ signal near the left electrode gradually spread throughout the fiber. In this example, the right electrode was used to pass current, whereas the left electrode was used to sense voltage. No consistent relationship between electrode function, and the spread of the Ca 2ϩ signal was noted. Since areas of increased Ca 2ϩ signal often occurred away from sites of impalement, it appeared likely that release of Ca 2ϩ from intracellular stores played an important role in the increase in intracellular Ca 2ϩ . We measured the time course of the increase in global intracellular Ca 2ϩ at 5-min intervals by averaging the pixel intensity throughout each fiber imaged. On average, the increase in global intracellular Ca 2ϩ following impalement continued for 20 min and then stabilized ( Fig. 4C, P (Fig. 4 , B and C, Ca 2ϩ signal P Ͻ 0.01 0 vs. 20 min, n ϭ 13). The two systems that regulate levels of intracellular Ca 2ϩ in skeletal muscle are the sarcoplasmic reticulum and mitochondria (13) . We inhibited ryanodine receptor-mediated Ca 2ϩ release from the sarcoplasmic reticulum using 12 M dantrolene, a dose previously used to block action potentialmediated muscle fiber contraction (21, 31) . Despite the ability of dantrolene to block action potential-induced flashes of Fluo4 NW signal, it did not prevent global increase in intracellular Ca 2ϩ following impalement of fibers ( Fig. 4C , P Ͻ 0.01 at 20 min, n ϭ 12). This argues against ryanodine receptor-mediated release from the sarcoplasmic reticulum as the source of the increase in intracellular Ca 2ϩ (19, 21, 38) . This suggests the intracellular Ca 2ϩ store contributing to the global increase in intracellular Ca 2ϩ following impalement-induced injury is mitochondrial Ca 2ϩ .
Role of elevation of intracellular Ca
2ϩ in triggering changes in sodium current. To determine whether elevation of intracellular Ca 2ϩ triggered the hyperpolarized shift in sodium current gating following impalement, we prevented the increase by loading muscle with AM-BAPTA. Loading muscle fibers with AM-BAPTA did not prevent action potential-induced flashes in Fluo4 NW signal but did prevent impalement-induced increases in intracellular Ca 2ϩ in 15/21 fibers. We discarded fibers in which intracellular Ca 2ϩ increased following impalement despite loading with AM-BAPTA. In the selected fibers, no increase in Fluo4 NW signal occurred in the 30 min following impalement (Fig. 5A ). Although loading with AM-BAPTA appeared to slow the initial rate of hyperpolarized shifts, after 30 min the voltage dependence of both activation and fast inactivation had shifted (Fig. 5, B and C, 9.0 Ϯ 2.3 mV for activation, P Ͻ 0.01 and 10.9 Ϯ 4.2 mV, P Ͻ 0.05 for fast inactivation, n ϭ 15). Thus it appeared that whereas elevation of intracellular Ca 2ϩ may speed the induction of hyperpolarized shifts, it is not essential.
In contrast, blocking elevation of intracellular Ca 2ϩ prevented the reduction in current amplitude that occurred following impalement of muscle fibers (see Fig. 1 at 60 min). Studying current amplitude when holding at Ϫ110 mV is complicated by an initial increase in current amplitude due to relief of slow inactivation (17, 34, 40) , which is later followed by a decrease in amplitude (Fig. 1) . Thus to study changes in current amplitude, patches were held at Ϫ80 mV. When holding at Ϫ80 mV, impalement induced significant reductions in maximal sodium current amplitude within 30 min (Fig. 5D , P Ͻ 0.01). Blocking elevation of intracellular Ca 2ϩ prevented the reduction of current amplitude during the 30-min recording period ( Fig. 5D , P Ͻ 0.01 vs. control at 30 min).
To test whether elevated intracellular Ca 2ϩ was sufficient to trigger reduction in sodium current amplitude, intracellular Ca 2ϩ was elevated in the absence of impalement-induced damage. We used the mitochondrial inhibitor CCCP (2) to raise intracellular Ca 2ϩ . The elevation of intracellular Ca 2ϩ following application of CCCP was larger than that following impalement but had a similar time course (Fig. 6, A and B) . Despite loading muscle with BTS to prevent muscle contraction (23), during application of CCCP muscle movement occurred that made it difficult to hold seals on muscle fibers to follow sodium currents over time. By 30 min after application of CCCP, muscle movement lessened, and it was possible to form seals and briefly record sodium currents. We recorded sodium currents from several fibers in each muscle at a holding potential of Ϫ110 mV before application of CCCP without impalement (assuming a resting potential of Ϫ80 mV). Each fiber was imaged so that it could be relocated, the patch pipette was removed, and CCCP was applied. After muscle movement decreased, fibers were relocated, seals were formed, sodium currents were recorded, and fibers were impaled to determine A: superimposed sodium current traces evoked by 10-ms pulses ranging from Ϫ80 to Ϫ10 mV. Shown are records from a muscle fiber 0 and 30 min after formation of a seal. At time 0 the first current is evoked by a step to Ϫ50 mV. At 30 min the first current is still evoked by a step to Ϫ50 mV. At 30 min the current evoked by a step to Ϫ40 mV (shaded trace) is slightly larger than at time 0. The patch was held at Ϫ110 mV between voltage protocols. One difference between the current traces shown in this figure, and those shown in Fig. 1 is the amplitude of the outward potassium current. In Fig. 1 no potassium current is present, whereas in the traces shown here, large potassium currents are evoked. We have previously reported that potassium current amplitudes are highly variable from patch to patch (10) and this did not appear to be related to impalement. B: superimposed sodium current inactivation records from the same fiber as in A and at the same times following impalement as in A. The currents were evoked by a step to Ϫ30 mV following prepulses ranging from Ϫ130 to Ϫ40 mV. Both at time 0 and at 30 min, a prepulse to Ϫ70 mV (shaded trace) inactivates slightly more than half of the sodium channels. C: normalized sodium conductance calculated from the currents shown in A with an assumed sodium reversal potential of ϩ45 mV plotted versus membrane potential. The data are fitted with a Boltzman distribution at each time point. In the example shown there is a 4-mV hyperpolarized shift in the midpoint of activation over the course of the recording. D: normalized current amplitude of the currents shown in B are plotted and fitted with a Boltzman distribution at each time point. There is no shift in the midpoint of inactivation during the recording.
resting potential. Resting potentials following application of CCCP (Ϫ80.7 Ϯ 1.1, n ϭ 29) were similar to those we previously reported in rat extensor digitorum longus muscle (29, 31) . There were small hyperpolarized shifts of about 4 mV in the average midpoints of activation and fast inactivation (Fig. 6 , C and D, P Ͻ 0.05 for activation and fast inactivation, n ϭ 16). The most dramatic effect of application of CCCP was reduction of sodium current amplitude (Fig. 6E ). In 13 of 29 fibers, the current amplitude following application of CCCP was too small to determine the voltage dependence of either activation or fast inactivation. Currents averaged only 25% of the initial amplitude ( Fig. 6E , P Ͻ 0.01). 
DISCUSSION
Impalement-induced injury of muscle triggered hyperpolarized shifts in the voltage dependence of sodium channel activation and fast inactivation and caused reduction in maximal current amplitude. Elevation in intracellular Ca 2ϩ following injury appears to trigger the reduction in current amplitude but not the hyperpolarized shifts in activation and fast inactivation. Our data are consistent with the existence of at least two pathways that reduce sodium current following muscle injury. One pathway is Ca 2ϩ dependent and regulates current amplitude; the second pathway is largely Ca 2ϩ independent and regulates the voltage dependence of activation and fast inactivation.
Potential mechanisms underlying the hyperpolarized shifts in gating of Nav1.4 sodium channels. The only sodium channel present to a significant degree in mature skeletal muscle is Nav1. 4 (45) . The rapid time course of the hyperpolarized shift in gating of the sodium channels following impalement makes it unlikely that synthesis of a new sodium channel isoform or a change in glycosylation (which requires insertion of new channels in the membrane) underlie the shift. We thus favor the possibility that the hyperpolarized shift in gating of sodium channels is due to modulation of Nav1.4 channels that were already present in the sarcolemma before injury of muscle fibers.
There are three other situations in which gating of Nav1.4 is hyperpolarized. The first is in the muscle disease critical illness myopathy, in which reduced excitability of muscle results in paralysis (28, 32) . The cause of reduced excitability is increased inactivation of sodium channels that is due, in part, to a 14-mV hyperpolarized shift in the voltage dependence of Nav 1.4 sodium channel inactivation that is accompanied by a similar shift in the voltage dependence in activation (11, 29, 30 ). The second situation in which gating of Nav1.4 (and other sodium channel isoforms) is hyperpolarized is following initiation of tight seal formation and whole cell patch-clamp recordings in vitro (9, 15, 22, 42) . The third is following stretch of membrane in oocytes expressing Nav1.4 (37, 39) . The magnitude of hyperpolarized shifts in activation and fast inactivation are similar in all three situations. However, stretchinduced shifts in gating of Nav 1.4 are accompanied by dramatic increase in the kinetics of inactivation. This suggests that the mechanism underlying stretch-induced shifts in oocytes differs from that underlying the shifts in other situations.
It is possible that a single mechanism underlies the hyperpolarized gating of Nav1.4 following impalement in critical illness myopathy and during whole cell recording. There are little data to guide speculation about the mechanism underlying the shift of gating of Nav1.4 sodium channels in critical illness myopathy. However, there are data following impalement and . E: sodium current amplitude before and after application of CCCP. The same patch pipette was used to record current before and after CCCP for each fiber. The mean current amplitude fell by close to 75% (P Ͻ 0.01).
during whole cell recording to suggest they could be due to the same mechanism. Our data suggest that the hyperpolarized shift in gating of sodium channels following impalement is Ca 2ϩ independent. The hyperpolarized shift in gating of sodium channels in the whole cell mode is also Ca 2ϩ independent (15, 42) . The finding that the shifts in these cases are Ca 2ϩ independent suggests that regulation of sodium channels by calmodulin (8, 16, 46) , Ca 2ϩ -dependent proteolysis of sodium channels (20, 44) , and direct binding of Ca 2ϩ to sodium channels (43) are not causes of the shifts.
After establishment of a whole cell recording there is significant dialysis of intracellular molecules. After impalement of muscle fibers, there is little, if any, dialysis of internal solutes. Thus if the same mechanism underlies the shifts, it is unlikely to involve dialysis of soluble signaling molecules. There is no signaling cascade we are aware of that has been shown to alter the voltage dependence of sodium channel activation and fast inactivation, which does not involve soluble signaling cascades and is Ca 2ϩ independent. This suggests that either a novel mechanism is involved or that more than one pathway combine to trigger the shifts in both activation and fast inactivation. Our work raises the possibility that determining the mechanism underlying the hyperpolarized shift in gating in the whole cell configuration may have in vivo implications for sodium channel function.
Reduced sodium current amplitude following impalement. Two findings suggest the reduction in sodium current amplitude following injury is triggered by elevation of intracellular Ca 2ϩ . First, loading fibers with AM-BAPTA prevented the reduction in current amplitude. Second, elevation of intracellular Ca 2ϩ by application of CCCP in the absence of injury triggered a large reduction in current amplitude. One mechanism that might underlie reduced current amplitude is an increase in slow inactivation (5) (6) (7) 36) . However, in patches held at Ϫ110 mV the decrease in current amplitude still occurred ( Fig. 1 and data not shown) . The finding that holding at more hyperpolarized potentials did not prevent the decrease in current amplitude suggests either removal of channels from the membrane or a secondary modification that shuts down channel function underlies the decrease. Phosphorylation of Nav 1.4 sodium channels in vitro via protein kinase C has been shown to reduce sodium current amplitude (3, 26, 33) and might underlie the changes we see ex vivo.
Functional consequences of injury-induced changes in Nav 1.4 sodium current. A hyperpolarized shift in the voltage dependence of fast inactivation together with a reduction in current amplitude following injury may serve to promote survival of muscle fibers. It has recently been shown that muscle injury following either prolonged exercise or osmotic stress leads to increased intracellular Ca 2ϩ (12, 24) . Our model of muscle injury also triggered a sustained increase in intracellular Ca 2ϩ . Increases in intracellular Ca 2ϩ may trigger apoptosis or necrosis of muscle fibers so to promote survival it is likely necessary for muscle to limit the rise in intracellular Ca 2ϩ (13) . The hyperpolarized shift in fast inactivation and the reduction in current amplitude reduce the number of functional sodium channels available to open at the resting potential of injured fibers. Reducing the number of functional sodium channels limits sodium entry, reduces further depolarization, and thus reduces both the opening of surface membrane Ca 2ϩ channels and Ca 2ϩ release from intracellular stores (4). In this way, shutting down sodium channels may help injured muscle to survive. Whereas the reduction in number of sodium channels available for opening at the resting potential of an injured muscle fiber may promote survival of muscle, it also reduces excitability. There is evidence of reduced excitability in amphibian muscle following fatiguing stimulation or alterations of intracellular Ca 2ϩ (41) . Thus reduction in the density of sodium channels available to open at the resting potential following injury of muscle may promote survival of fibers, but at the cost of reducing excitability.
In summary, we report that following injury of muscle there are rapid hyperpolarized shifts in the voltage dependence of sodium channel activation and fast inactivation as well as reduction in current amplitude. Our data are the first to show that gating of Nav 1.4 can be rapidly modulated ex vivo. If other sodium channel isoforms undergo similar modulation in vivo, it could have significant effects on excitability following injury and in various disease states.
